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In this paper, the stress-rupture tests of a low Re-containing single crystal alloy IC21 before and after thermal exposure at 1100 1C for various
periods of time were conducted under the test condition of 1100 1C/137 MPa, and the microstructure of the tested specimens was characterized by
SEM and TEM. The experimental results showed that the stress rupture life of this alloy was over 150 h after the standard heat treatment of
1320 1C, 10 h/ACþ870, 32 h/AC, however the stress rupture life decreased with the increase of exposure time due to the microstructure
degradation. The TEM analysis revealed that the interface mismatch dislocation networks were well established. It was observed that these
mismatch networks could form at 1100 1C even after thermal exposure for 1 h without the external stress, which is quite different from that in the
traditional single crystal superalloys.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Ni-based single crystal superalloys have been extensively
used for turbine blades in aircraft engines. These alloys have a
face-centered cubic γ matrix strengthened by the ordered L12-
type γ0 precipitates. For the past few decades, the great efforts
have been made to improve the high temperature creep
performance of Ni-based single crystal superalloys [1]. It is
clear that the creep performance of these superalloys is closely
related to the volume fraction of the γ0 precipitates, as well as
their size and distribution [2,3]. Many researches on the
relation between the volume fraction of the γ0 precipitates
and creep strength of the superalloys have been conducted
[4–6]. The results show that the creep performance does not
increase monotonically as the γ0 fraction increases, indicating
that a strong strengthening effect has been provided by the γ/γ0
interface./10.1016/j.pnsc.2015.01.010
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nder responsibility of Chinese Materials Research Society.Recently, the studies on the relationship between the inter-
face dislocation networks and the creep strength of the modern
single crystal superalloys have been reported [7,8], and it is
proposed that the minimum creep rate has an approximately
linear relation with the dislocation spacing in the tested
superalloys, which indicates that the ﬁner interface dislocation
networks are effective for inhibiting slip dislocations in the γ
channel from approaching or cutting the γ0 phase. The
formation of the dislocation networks has also been studied
by many researchers [9,10], and the results show that the
arrangements of the dislocation networks are hexagonal on
{111} faces, while square and octagonal on {001} faces.
Generally, the dislocations within the nets are thought to
originate from slip dislocations in the γ matrix with Burgers
vectors of 1=2〈110〉 type corresponding to octahedral slip, and
captured on the interface. Field [9] investigated the interfacial
dislocation arrangements in several interrupted creep speci-
mens, and the results show that the Burgers vectors of the
networks are b¼1=2〈110〉 type and the morphology of the
networks is incomplete mismatch networks. The dislocations
lines are mainly in the slip directions (〈110〉 directions),
seldom mismatch directions (〈001〉 directions) kind ofElsevier B.V. All rights reserved.
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works have also been observed under different creep condi-
tions in others’ works [11,12]. However, Zhang et al. [8]
studied the creep deformation of the modern superalloys with
high Re content at 1100 1C/137 MPa, and the results show that
the deposited slip dislocations on the γ/γ0 interface have
reoriented from the slip directions to the mismatch directions
in TMS-138 superalloy after 60 h creep test. These perfect γ/γ0
interfacial dislocation networks can prevent the gliding dis-
locations from cutting the γ0 precipitates more effectively as
they proposed.
In this paper, stress rupture tests of a low Re-containing
single crystal alloy IC21 has been conducted under 1100 1C/
137 MPa before and after thermal exposure. The microstruc-
ture of the stress-ruptured samples as well as the thermal
exposure samples were examined by scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM).
The characteristics of the interface dislocation networks after
different testing conditions in this study were investigated.
2. Experimental procedure
The material used in this study was a low Re-containing
(o1.5 wt%) single crystal alloy IC21, and the nominal
chemical composition of this alloy was Ni (7.5–8.5)Al
(9.5–15.0)Mo (0.8–1.2)Re (1.02.0)Ta (in wt%). The bars
with less than 12 degree deviation from [001] orientation were
used. After standard heat treatment, non-stress thermal expo-
sure were conducted in a chamber furnace at 1100 1C for
different periods of time (100 h, 300 h and 500 h). The stress-
rupture tests of both the samples with the standard heat
treatment and the samples aged at 1100 1C for 100 h, 300 h
and 500 h were carried out under 1100 1C/137 MPa.
Microstructure examination of the samples was carried out
by using both SEM and TEM techniques. Secondary and
backscattered electron images of the polished sample were
used to study the microstructure evolution during different
experiment procedures. The dislocation conﬁgurations were
observed by using JEM-2100F (TEM). After mechanical
grinding, TEM foils were electrochemically thinned in aFig. 1. Microstructure of IC21 single crystal alloy (a) after standard heat treatme
137 Mpa after 159.20 h.solution containing 10 vol% perchloric acid in methanol at
20 1C. For the stress-ruptured specimens, the slice samples
for SEM and TEM observations were cut out parallel to the
axial direction for microstructure analysis, and the images were
taken about 5 mm away from the neck region.
3. Results and discussion
Fig. 1(a) shows the microstructure of IC21 single crystal
alloy after standard heat treatment of 1320 1C, 10 h/ACþ870,
32 h/AC, which contained approximately 80 vol% of cuboidal
γ0 precipitates coherently embedded in the γ matrix. It can be
found that the γ0 precipitates were well-distributed and had a
mean size of about 450 nm. Fig. 1(b) shows the longitudinal
section microstructure of the stress-ruptured sample about
5 mm away from the necked region. The cubical γ0 precipitates
in this alloy transformed into strip-like structures, and N-type
of rafted structure was constructed.
The result of the stress-rupture life of this alloy is listed in
Table 1. For comparison the stress-rupture lives of other three
2nd generation single crystal superalloys are also listed in
Table 1. It can be observed that the stress-rupture life of this
alloy is compatible to that of the 2nd generation nickel base
single crystal superalloys [12,13]. However both the density of
the present alloy and the content of the expensive element Re
in Alloy IC21 are lower that other alloys.
The examination of the stress-ruptured sample by TEM
revealed that the dislocation networks formed at all γ/γ0
interfaces. The predominant morphology of the interface
dislocation networks in the stress-ruptured sample is shown
in Fig. 2. The dislocations are well arranged in square
networks at the interfaces. In order to obtain the Burgers
vectors of the individual dislocations of the networks, several
micrographs were taken under different operative reﬂections in
another area of the sample. The results are listed in Fig. 3.
The Burgers vectors of the individual dislocations of the
interface dislocation networks were analyzed on the basis of an
effective invisibility criterion for which gUb¼ 0. After sys-
tematic TEM analysis, the square networks consist of edge
dislocations with Burgers vectors b¼ [101] or b¼ [110] for thent; and (b)the longitudinal section of the stress-ruptured sample at 1100 1C/
H. Zhang et al. / Progress in Natural Science: Materials International 25 (2015) 84–8986red lines, and b¼ [012] for the yellow lines. Moreover, the line
directions of the individual dislocations are along the 〈100〉
directions. A dislocation segment was observed as indicated in
blue line. The original dislocations of the networks are
connected by these segments. This dislocation segment in
the dislocation networks can be viewed as a result of the
intersection of dislocations in the interfaces [7].
Stress-rupture tests were also conducted to the samples after
thermal exposure at 1100 1C for 100 h, 300 h and 500 h
respectively. The experimental results showed that the stress-
rupture life of the samples decreased gradually with the
thermal exposure time as listed in Table 2. The microstructure
examination of the thermal exposure sample showed that the
microstructure degradation of IC21 alloy included the coarsen-
ing of the γ0 phase and the precipitation of the white Ni–Mo
phase [14,15] as shown in Fig. 4. The morphology of the white
phase was needle like or short rod shape. It was observed that
the white Ni–Mo phase was meta-stable during thermal
exposure at 1100 1C. The amount of the white phase increased
with the thermal exposure time at ﬁrst, and then dissolved
back. When aged for 100 h, large amount precipitation of the
white phase was observed by comparison with the other
samples. This precipitation behavior of the Ni–Mo phase has
also been reported in others' work [16,17].
TEM investigation of the non-stress thermal exposure sample
revealed that the γ/γ0 interfacial dislocation networks formed
even after short exposure for 1 h as illustrated in Fig. 5(a). When
the thermal exposure time reached 100 h the morphology of the
networks remains stable as shown in Fig. 5(b). TEM analysis of
the Burgers vectors of the individual dislocations were carried
out in the sample after thermal exposure for 100 h, and theTable 1
Creep properties of some single crystal superalloys under different test
conditions [12,13].
Alloy Test condition Creep rupture life /h Density g/cm3
CMSX-4 1100 1C/120 MPa 393 8.70
PWA1484 1100 1C/137 MPa 140 8.95
DD6 1100 1C/137 MPa 142 8.78
IC21 1100 1C/137 MPa 170.57 7.99
159.20
Fig. 2. TEM images of the interface dislocation networks of the rupturedresults were shown in Fig. 6. Therefore, the Burgers vector of
the individual dislocations along the red direction as indicated in
Fig. 6 is b¼ [011], and b¼ [101] for the yellow ones. The
arrangements of dislocation networks are similar to that of the
ruptured sample, and the line directions of the individual
dislocations of the networks are mostly along the mismatch
directions. This character is quite different from that of the
traditional single crystal superalloys [18,19], whose dislocation
lines are mostly along the 〈110〉 directions.
It is widely accepted that the dislocation spacing P in these
interface dislocation networks is inversely proportional to the
magnitude of the lattice mismatch δ [20]:
P¼ b=jδj
where b is the magnitude of the Burgers vector. Several areas
were randomly selected to examine interfacial dislocation
spacing after thermal exposure for 100 h, and the average
interfacial dislocation spacing is about 32 nm. Therefore, the
misﬁt of single crystal superalloy used in our study is about
0.78% at 1100 1C.
In this study, single crystal alloy IC21 shows superior
performance under the stress rupture test condition of
1100 1C/137 MPa. Well-established mismatch type of interface
dislocation networks was observed. The individual dislocations
of these networks have edge character and the dislocation lines
are parallel to the 〈100〉 directions. These characteristic are
similar to that of the 4th generation single crystal superalloy
TMS-138 after 60 h creep at 1100 1C/137 MPa [8]. According
to Pollock and Argon [21], these 〈100〉 directions dislocations
can effectively accommodate the misﬁt stress, which implies
that the driving force for dislocation movement may decrease
more efﬁciently. The average interfacial dislocation spacing
was about 32 nm due to the high magnitude of the misﬁt
(0.78%). This is even smaller than that of the 3rd generation
single crystal superalloys TMS-75 and CMSX-10 [22]. These
denser interface dislocation networks may effectively hinder
the movement of the mobile dislocations. Moreover, these
interface dislocation networks can rapidly be built at 1100 1C
even after thermal exposure for 1 h without the participation of
the external stress. It may be believed that this kind of interface
dislocation networks plays an important role to the creep
strength of this alloy.sample, (b) is an enlarge area of (a), the Beam direction is B¼ [011].
Fig. 3. Morphology of the interface dislocation networks with different reﬂections. (a) 022; (b) 111; (c) 200, the Beam direction is B¼ [011]. (d) Enlarge image of
the interface dislocation networks.
Table 2
Stress-rupture properties of IC21 alloy after thermal exposure at 1100 1C under the test condition of1100 1C/137 MPa.
Thermal exposure time (h) 0 100 300 500
Stress-rupture life (h) 159.20 87.71 123.19 48.27
Elongation(δ) (%) 6.70 10.73 9.21 10.34
Area reduction (ψ) (%) 19.76 29.47 26.81 49.20
Fig. 4. SEM morphologies of IC21 alloy after thermal exposure at 1100 1C. (a) 100 h, (b) 300 h, (c) 500 h.
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be caused by the microstructure degradation during thermal
exposure. Due to the large amount precipitation of the white
phase after thermal exposure for 100 h, the stress-rupture life
was shorter than that of 300 h. The formation of these Ni–Mophases depleted the refractory metals in the matrix which
caused the decrease of the strengthening effect [17]. However,
severe coarsening of the γ0 precipitates was observed after
thermal exposure at 1100 1Cfor 500 h, resulting in signiﬁcantly
drop of the stress-rupture life [18].
Fig. 5. Dislocation networks formed during high temperature thermal exposure at 1100 1C. (a) 1 h, (b) 100 h.
Fig. 6. TEM images of the interfacial dislocation networks with different operative reﬂections after thermal exposure for 100 h:(a) 200, (b) 020, (c)111, (d)200. The
beam directions are as follows: (a)–(b) [001], and (c)–(d) [011].
H. Zhang et al. / Progress in Natural Science: Materials International 25 (2015) 84–89884. Conclusion1. The single crystal alloy IC21 with lower Re content than
commercial second generation nickel base single crystal
superalloys has comparable stress-rupture life under
1100 1C/137 MPa with the commercial second generation
nickel base single crystal superalloys.2. Well-established mismatch dislocation networks have been
observed in the present alloy, which increase the creep
resistance of the alloy at high temperature signiﬁcantly. The
line directions of the individual dislocations are parallel to the
〈100〉 directions. Moreover, these dislocation networks can
rapidly be built without the participation of the external stress,
which is quite different from that of the traditional single crystal
superalloys.3. The microstructure degradation occurs during the thermal
exposure of the alloy, which lead to the decrease of the
stress-rupture life.
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